Abstract-A detailed analysis of the contrast and lateral resolution between a dc-biased tip and metallic nanowires over a dielectric sample is presented. The theoretical technique used to analyze the interaction intrinsically includes the mutual polarization between the tip, the sample, and the metallic objects. A good selection of the dielectric constant of the sample is found to be critical since it can increase the contrast by more than an order of magnitude. On the other hand, the dielectric constant does not have any influence on the lateral resolution. In this case, the tip-sample distance and the tip radius are the most relevant parameters. For small tip-sample distances, the length of the nanowires must also be taken into account since it can produce differences of up to 20% in the lateral resolution.
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I. INTRODUCTION

E
LECTROSTATIC force microscopy (EFM) and its various implementations [1] , [2] are based on the electrostatic interaction between a biased atomic force microscope (AFM) [3] tip and a sample. Its high resolution and versatility have been used to analyze several properties of solid surfaces at the nanoscale [4] - [9] to induce nanometric modifications on the surfaces [10] , [11] or to obtain the dielectric response of single nanowires [12] , [13] . Single nanowires can be used to connect different parts of a circuit in nanoelectromechanical systems (NEMSs) [14] and will play an important role in future electronics [15] , [16] .
When EFM is working at the nanoscale, a large number of interacting parameters have a strong influence in the signal. However, since EFM is a nonlocal technique due to the longrange nature of the electrostatic interaction, there is no simple way to directly relate the electrostatic images with the microscope setup [17] or the dielectric and topographic properties of the sample [18] .
Most of the previous studies have focused on the interaction between metallic tips and metallic flat surfaces [19] . Some experiments on carbon nanotubes have also been compared with numerical methods [20] . In this paper, we present a theoret- ical analysis of the lateral resolution and contrast of metallic nanowires in EFM. We will analyze the influence of several parameters with the objective of creating a reference for experimentalists that are interested in improving the microscope performance. First, we will develop a numerical method that takes into account all the mutual polarization terms between the tip and nanowires. Applying the method to analyze the influence of the dielectric constant, we will show that, using a carefully selected sample, the contrast of the image can be increased over an order of magnitude. Furthermore, we will analyze the influence of the length of the nanowire in the lateral resolution. As we will demonstrate, the length of the nanotube has a strong influence in the lateral resolution when the tip-sample distance is much smaller than the tip radius.
II. ELECTROSTATIC FIELD CALCULATION
The geometry and parameters used in the calculations are sketched in Fig. 1 . The tip is assumed to be a sphere of radius R tip and voltage V 0 . The nanowires are modeled as perfect metallic cylinders with length L T and radius R T . The nanowires can be connected to an independent electrode at voltage V T . The sample is semiinfinite with a uniform relative dielectric constant ε. The different elements of the system are related by the distance between nanowires h and the tip-sample distance D.
To reproduce the boundary conditions of a constant potential at the metallic surfaces of the tip and sample, we use the generalized image charge method (GICM) [21] . The main details of the GICM have been described elsewhere [22] , and therefore, only a brief description is given here. The GICM generalizes the image charge method with the replacement of the tip by a set of punctual charges that are adjusted in order to keep constant the electrostatic potential over the tip surface. Plane surfaces, such as the sample or the cantilever [17] , can be included in the simulation by a series of image charges [23] .
The electrostatic force (and force gradient) can be obtained directly from the interaction of the charges inside the tip with their images or from the derivative of the capacitance C with respect to the tip-sample distance:
In the modification of the GICM suggested here, the surface charge density of both the tip and nanowires is substituted by a set of charge elements. This approximation is adequate when the nanotubes are metallic and the amount of free charge inside them is enough to fully compensate the external electric field. This condition is true in the case shown in this paper (grounded nanotubes) since they can obtain a theoretically infinite amount of free charge from the electrodes. Assuming N punctual charges inside the tip and M linear charges inside the Q nanowires, the total potential at a point r would be
where q i and λ i are the values of the charges inside the tip and the nanotubes, respectively. L i are the lengths of the segments inside the nanotubes. G is the potential (Green's function) generated by a charge/segment inside a parallel plate capacitor and can be divided into two contributions: G = G 0 + G resp . G 0 is the potential generated by the charge/segment itself and G resp includes the contribution of the induced charges. Although G 0 has an analytical expression in most of the cases, G resp will be an infinite series of image charges that must be calculated numerically. The values of q i and λ i are obtained after a standard least squares minimization of
where P and T are the points generated at the tip and nanotube surfaces. It is worth noting that, due to the simultaneous fit of the potential in tip and nanowires, their mutual polarization is intrinsically included in the result. In Fig. 1 , we show the equipotential distribution of a spherical tip over two metallic nanowires (L T = 70 nm, R T = 1 nm). Several publications show methods that can be combined with the one shown in this paper. A similar technique, also inspired by the standard image charge method that includes arbitrary surfaces, has been proposed by Lyuksyutov and Paramonov [24] . Arbitrary tip shapes can be also included following the generalization of the GICM shown in [22] . 
III. CONTRAST OF SINGLE NANOWIRES
In this section, we analyze the vertical gradient force F obtained from a single grounded metallic nanowire over a dielectric sample. In Fig. 2 , we show F for a perpendicular scan over a metallic nanowire at different tip-sample distances (the nanowire is placed at x = 0). Fig. 2(a) shows F for a nanowire with no surface below (ε = 1), and Fig. 2(b) shows a nanowire over a metallic surface (ε = 100). In the first limit (ε = 1), F (x = 0) decreases when D increases due to the higher distance between the charges of the tip and nanowire. On the other side, F (x→ ∞) vanishes because there is not any charge in the surface that can interact with the tip. Defining the contrast ∆F = F (x = 0) − F (x → ∞), it is clear that ∆F (ε = 1) is higher for small tip-sample distances. On the upper limit (ε = 100), we observe a similar behavior when x = 0. However, F (x → ∞) tends to the gradient force between a metallic tip over a flat metallic sample (F (x → ∞) can be approximated by [25] . Although both limits decrease when D increases, ∆F (ε = 100) also vanishes when D→ ∞ since F (x = 0) decreases faster.
In Fig. 3(a) , we analyze ∆F for different values of D and ε. For all ε values, we observe a strong decreasing of ∆F when D increases that correlates with the information obtained in Fig. 2 . Moreover, higher values of ε also reduce ∆F . The origin of this effect is related to the value of the electrostatic potential in the dielectric surface V (z = 0). Higher ε values induce lower V (z = 0) (in the limit ε→ ∞, the sample is metallic and V (z = 0) = 0). Assuming that the nanotubes are grounded, the electrostatic potential V T on their surface should be zero. Being the nanotubes placed over the surface, the charge needed to keep V T = 0 can be considered proportional to V (z = 0) − V T as a first approximation. Higher values of ε imply smaller amount of charge inside the nanotube, and as a direct consequence, smaller contrast. A direct conclusion would be that, although the electrostatic signal is higher with metallic samples, dielectric samples are desirable since ∆F is higher for grounded metallic objects. To analyze the magnitude of this effect, we show in Fig. 3(b) the proportion ∆F (ε = 1)/∆F (ε = 100) for different tip-samples distances. For D≈R tip /4≈5 nm, the proportion is around 2. However, when D≈R tip ≈20 nm, ∆F (ε = 100) is 12 times smaller than ∆F (ε = 1). In this case, it is critical to use dielectric samples to obtain a good electrostatic contrast of the nanowires.
IV. LATERAL RESOLUTION
In this section, we analyze the influence of the EFM parameters in the lateral resolution ∆X. In previous works [18] , the electrostatic signal has been considered the convolution of two magnitudes: the equivalent surface profile and the response function. Following this approach [26] , ∆X has been defined as the half width at half maximum of the response function. This definition is only accurate for very small objects since it comes from the approximation of the equivalent surface profile as a delta function. To be sure that ∆X is well-defined, we obtain the resolution directly from the microscope signal. In Fig. 4 , we show F for two metallic nanowires with h = 20 nm at three different tip-sample distances (D = 5, 12.5, 20 nm). For D = 5 nm, the signal has two maximums when the tip scans over the nanowires. In this case, it is clear that F comes from two independent objects. Although the effect is much smaller, the two maximums persist for D = 12.5 nm (see the enlarged version of the curve at the bottom of Fig. 4) . For D >12.5 nm, the two maximums are substituted by a single one between the nanowires, and it is not possible to distinguish the origin of the signal since it could come from two nanowires or a single one at x = 0. In this example, the lateral resolution would be ∆X(D = 12.5 nm) = 20 nm. Generalizing, we can define ∆X as the minimum separation of two objects that produce two independent maximums in the signal. To obtain the lateral resolution for a given D and R tip , the two nanotubes will be initially placed far from each other. Then, the distance between the nanotubes will be reduced until the two peaks in the signal disappear. The last distance that gives two peaks in the signal will be defined as the lateral resolution for the given values of D and R tip . It is worth noting that this definition does not take into account experimental noise. The values obtained in this paper for ∆X are the lowest ones that can be reached in EFM measurements.
We have analyzed ∆X for 1 < ε < ∞, 4 < D < 20, R tip = 10, 20, and 1 < L T < ∞ (units are nanometers for D, R tip , and L T ). For the numerical simulations, L T = 70 nm and ε = 100 were used to simulate the infinite values. In agreement with previous results [26] , we found that the lateral resolution ∆X does not depend on ε for any value of D, R tip , and L T . In Fig. 5 , we show ∆X for two different tips (R tip = 10 nm and R tip = 20 nm) and two different objects: spherical particles (L T = R T = 1 nm) and nanowires (R T = 1 nm and L T = 70 nm). In analogy with other scanning probe microscopy (SPM) techniques based on the electric field, ∆X is worse for higher values of D and R tip . To explain this fact, we show in Fig. 5 equipotential distributions for R tip = 10 nm and R tip = 20 nm. In these figures, we can see that the electric field penetrates easier between the nanowires when R tip is smaller. For higher values of R tip and D, the electrostatic potential tends to be plane (perpendicular to the z-axis) on the sample surface and cannot penetrate between the nanowires.
The influence of L T is also analyzed in Fig. 5 . The effect of L T in the lateral resolution is surprisingly small. The difference ∆X dif between ∆X(L T = 70 nm) and ∆X(L T = 1 nm) is almost constant for both R tip = 10 nm and R tip = 20 nm and never exceeds 2 nm. The constant difference between both limits implies that the effect of L T is higher for small tip-sample distances. We found ∆X dif /∆X(L T = 1 nm, R tip = 20 nm) = 20% and ∆X dif /∆X(L T = 1 nm, R tip = 10 nm) = 10% for D = 4 nm. However, for D = 20 nm, ∆X dif /∆X(L T = 1 nm, R tip = 20 nm) and ∆X dif /∆X(L T = 1 nm, R tip = 10 nm) never exceed 7% and 4%, respectively. For small tip-sample distances, water condensation can play an important role in both contrast and resolution when the AFM is working in a humid environment. The values of the distances [7] , [8] that can induce a water bridge between the tip and sample must be taking into account when both contrast and resolution are analyzed since the presence of water can drastically modify the electric field in that region.
V. CONCLUSION
We have presented a theoretical analysis of the contrast and lateral resolution in EFM. We have demonstrated that a good selection of the microscope setup parameters (dielectric constant of the reference sample and tip-sample distance) can increase the contrast by more than an order of magnitude. Depending on the tip-sample distance, the contrast of a single nanowire can be highly increased using dielectric samples instead of metallic ones. In particular, the contrast can be 12 times bigger for dielectric samples when D ≈ R tip . On the other hand, the dielectric constant does not have any influence in the lateral resolution. The key parameters in this case are the tip-sample distance and the tip radius. Analyzing the properties of the sample, we have found a constant difference of 1-2 nm in the lateral resolution between spherical particles and nanowires. Although the difference can be considered small, it reduces the lateral resolution by up to 20% when the tip-sample distance is small compared to the tip radius.
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